Near-room-temperature refrigeration through voltage-controlled entropy change in multiferroics Composite materials with large magnetoelectric effect are proposed for application in advanced near-room-temperature refrigeration. The key innovation rests on utilizing the magnetocaloric effect in zero applied magnetic fields. This approach promises sizable isothermal entropy change and virtually temperature-independent refrigerant capacity through pure voltage-control. It is in sharp contrast with the conventional method of exploiting the magnetocaloric effect through applied magnetic fields. We outline the thermodynamics and estimate an isothermal entropy change specifically for the La 0. Magnetic refrigeration has its roots in adiabatic demagnetization, utilized in the early days of low-temperature physics. In recent years, there has been revived interest in this technology. Advances in materials science make magnetic refrigeration near-room-temperature a promising approach towards an energy-efficient and environmentally friendly refrigeration technology. [1] [2] [3] [4] According to the DOE Energy Information Administration, heating, ventilation, and cooling (HVAC) accounted for 3856 Â 10 9 kW h, or 36% of the electricity consumed by U.S. households in 2011. Central air-conditioning and refrigeration alone accounted for 30% of the total electricity used in homes. Therefore, there is a clear consensus that improved refrigeration technology is of major importance and, potentially, a big part of the solution to the energy crisis.
The magnetocaloric effect (MCE) provides the physical basis of magnetic refrigeration technology which has the potential to replace today's common compression refrigerators. [5] [6] [7] [8] Recently, nanotechnology has enriched the quest for advance magnetocaloric materials utilizing nanocomposition for materials design. [9] [10] [11] [12] [13] Despite the innovation in the field of magnetocaloric materials science through the nanotechnological approach, the scientific community kept looking at the problem from the conventional perspective of employing the MCE by exposing the active magnetocaloric material to an external magnetic field.
The isothermal entropy change and the adiabatic temperature change are two of the most important parameters that characterize and quantify the MCE.
14 An integrated Maxwell relation determines the isothermal entropy change, DS. Most researchers refer to the Maxwell relation which originates from the analytic properties of the Gibbs free energy. It reads
where H i;f are the initial (typically zero) and final applied magnetic field, M is the magnetization, V is the volume of the active magnetocaloric material, and l 0 is the vacuum permeability. Equation (1) is a rigorous and fundamental expression valid in all situations where the mixed secondorder derivatives of the Gibbs free energy exist and the order of differentiation can be exchanged. This is, in general, the case, with the exception of first-order phase transitions, where the entropy change at the transition can be calculated with the help of the Clausius-Clapeyron equation. 9, 15 Equation (1) misleadingly suggests that the use of an external magnetic field is mandatory in order to achieve a sizeable isothermal entropy change. It is one of the major objectives of this manuscript to offer evidence that applied magnetic fields are not necessary to utilize the MCE. In addition, it is our goal to highlight the fact that pure voltageinduced entropy change in magnetocaloric materials has significant advantages over conventional magnetic fieldinduced entropy change with the potential to revolutionize magnetic refrigeration technology.
It is the focus on magnetic field-induced caloric effects which completely dominates past and ongoing efforts in the quest for optimized magnetocaloric materials. In order to bring magnetocaloric refrigeration technology to a level where its figure of merit is outperforming conventional refrigeration appliances, one needs to overcome this limitation. Particularly, the need for magnetic fields and the difficulty to provide them with significant strength is hampering progress. Although the investigation of the electrocaloric effect is rapidly progressing, 16 there are still large challenges from the materials perspective. It is therefore beneficial to combine the advantages of magnetocaloric and electrocaloric materials by utilizing the MCE through pure voltage control.
Before we describe the feasibility of this approach, we will highlight a few advantages of the voltage-controlled entropy change over the traditional method employing applied magnetic fields. The ordinary path towards sizable isothermal entropy change relies on applying magnetic fields to ever higher final values, H f , until technical saturation of the magnetization is reached. This brute-force approach has practical limitations. When relying on the maximum achievable flux densities of 1-2 T of modern permanent magnets 17, 18 (Nd-Fe-B or Sm-Co), the feasible adiabatic temperature changes remain below 10 K. 19, 20 Permanent magnetic flux densities of the order of 4 T can be created in Halbach cylinders, but logarithmic dependence of the field on the diameter of the cylinder makes such devices very heavy. 18 Since permanent magnets are the only option to create magnetic fields in an energy efficient manner, all of today's realizations of magnetocaloric refrigerators have to utilize a mechanism which moves the magnetocaloric material relative to the permanent magnet in order to create a sizable change in magnetic field, DH ¼ H f À H i . The need of moving parts is something that should be avoided since it creates noise, losses in friction, and wear-and-tear of components.
All of these disadvantages of magnetic field-induced entropy changes can be avoided when employing voltagecontrolled entropy change in the absence of electric currents. Next, the mechanism of voltage-activated MCE is outlined.
One well-known branch of voltage-control of magnetic properties utilizes piezoelectrically induced strain to control anisotropy and critical temperature. For example, piezoelectrically induced strain is used to substantially change the magnetic anisotropy in Fe thin films or exploited to control the exchange-bias field in an exchange-bias magnetic heterostructure. [21] [22] [23] [24] Similarly, and of major significance here, strain originating from stress can be induced via the inverse piezoelectric effect. The strain, when carried over into an adjacent magnetic thin film, can substantially change the magnetic Curie temperature, T C . An external control parameter such as tensile or compressive strain can tune the degree of magnetic order in a magnetically long-range ordered system. Decrease (increase) in long-range magnetic order can be accompanied by a significant increase (decrease) in entropy. In particular, the transition from a paramagnetic into a longrange ordered magnetic state is accompanied by sizeable entropy reduction.
It has been shown by Angeloni et al. that a compressively strained La 0.7 Sr 0.3 MnO 3 (LSMO) film of 16 nm thickness on LaAlO 3 (001) changes the Curie temperature of the former from 365 K (unstrained) to 270 K (strained through lattice mismatch). 25 Thiele et al. have shown that voltagecontrolled epitaxial strain in LSMO is possible when exploiting the inverse piezoelectric effect of Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (001) (PMN-PT) substrates. 26 They report on voltage-controlled changes of the Curie temperature in a LSMO film of 20 nm thickness between 278 K and 297 K. Fig. 1 displays the effect for the 20 nm thick LSMO sample reported in Ref. 27 . Note that various parameters allow finetuning of the critical temperature at zero applied voltage. Those tuning parameters are the Sr concentration of the LSMO compound, the film thickness, and the initial strain in zero-applied electric field.
From these results, it is apparent that changes of the critical temperature, T C , of ferromagnetic thin films such as the complex oxide LSMO can be achieved by pure voltagecontrol when harnessing the inverse piezoelectric effect in order to strain the film in an electrically controlled manner.
In addition, large magnetoelectric susceptibilities can also be achieved especially in complex oxides when utilizing the electric field effect, which mimics chemical doping. Recently, we demonstrated sizable electric modulation of magnetization in a BaTiO 3 /LSMO heterostructure. Here, the electric field-controlled metal-insulator transition in the LSMO film gives rise to a large magnetoelectric effect. 28 It can be potentially exploited in the same way as the straininduced change in magnetization. Next, we outline thermodynamic consequences of large magnetoelectric effects and their impact on voltage-controlled isothermal entropy change.
We start from the differential form of the Helmholtz free energy, F, of a magnetic system
We consider the hitherto unexplored case of the applied magnetic field being zero where H in Eq. (2) is the internal magnetic field. The magnetization, in turn, is a function of a control parameter, which here is the electric field E, in accordance with Fig. 1 . Therefore, the equation of state can be written as
From Eq. (2), we derive a Maxwell relation by identifying the mixed second-order derivatives of the Helmholtz free energy 
for the isothermal entropy change. Note that Eq. (5) differs from the most frequently used Eq. (1), which is derived from a different Maxwell relation originating from the Gibbs free energy.
Using thermodynamic identities, we obtain from Eq. (5)
where
is the magnetic susceptibility. From the fact that M depends on the control parameter, E, we obtain
To further explore the consequences of Eq. (7), we consider the Landau expression F ¼ F 0 ðTÞ þ 
One can replace the parameters of the Landau expansion
Using a density value for LSMO 29 of q ¼ 6600 kg/m 3 , we calculate a mass-specific isothermal entropy change which can now be used for comparison with current state-of-the-art magnetic field-induced, specific entropy changes. A literature value for the saturation magnetization 30 of a pulsed laser deposited LSMO film of 30% Sr concentration reads M(T ¼ 0) % 0.45 MA/m. Since susceptibility investigations of LSMO films are scarce and there is currently no reliable data basis, we use the mean-field expression 31 l 0 Mð0Þ vðTÞ
which for T ¼ 2T C yields vð2T c Þ ¼ Note that S(T, E) and, therefore, Eq. (8) can be directly calculated from the Landau free energy according to
Note, however, that Eq. (11) does not render Eq. (7) obsolete. From an experimental point of view, only Eq. (7) is valuable. First, it is free from approximations. Second, v and M(T,E) can be measured while the Landau free energy is not only a crude approximation of the underlying thermodynamic potential F but, in addition, is not experimentally accessible. Alternatively, we estimate the mass-specific isothermal entropy change at T ¼ 280 K from the magnetoelectric susceptibility, a ¼ l 0 @M @E , of PMN-PT/LSMO. The numerical value of a is determined from the data in Fig. 1 We use this value of magnetoelectric susceptibility for further estimates and neglect the details of the temperature dependence of a. This approximation is reasonable because the magnetoelectric susceptibility is virtually constant for T < 280K where the M vs. T data sets (Fig. 1, squares and circles) are virtually parallel. In addition, we use a rough estimate for Mð0Þ ¼ 0:51 Â 10 6 A m for LSMO by extrapolating MðT;E ¼ 0Þ towards T¼0. The extrapolation of the Landau expression overestimates the magnetization at T¼0 which, in turn, gives rise to an underestimation of the isothermal entropy change. We obtain @M @T À Á T¼280K;E¼0 ¼ À8:53 kA mK from the MðT;E ¼ 0Þ function. In the absence of additional M vs. T data for 0 < E < 7kV/cm, we assume a linear dependence of T C on the applied electric field which reads T C ðEÞ ¼ 2:43 Â 10 À5 EKm=V þ 280K. Using Eq. (10) to quantify vðT;T C ðEÞÞ, we estimate the mass-specific isothermal entropy change from
It yields DS=m ¼ À1:43 J kgK in good agreement with the alternative approach based on Eq. (9) and outlined above. The remaining difference in the numerical values of the specific isothermal entropy changes originates from differences in the assumptions and approximations.
The voltage-induced entropy change estimated above is of respectable magnitude when compared, e.g., with the bulk giant magnetocaloric material Gd 5 Si 2 Ge 2 , which represents a benchmark for magnetocaloric materials. 33 Gd 5 Si 2 Ge 2 has an isothermal entropy change of approximately 4 J/kg K when an external magnetic field is ramped from zero to 1 T. Although this value is still approximately twice the entropy change, we estimate for the voltage-controlled effect in PMN-PT/LSMO, it is important to realize that for virtually all magnetocaloric materials and Gd 5 Si 2 Ge 2 , in particular, the isothermal entropy change strongly peaks at a given temperature, T max, and decreases for both higher and lower temperatures. This limits the refrigerant capacity, RC which is the true figure-of-merit of a refrigerator. RC can be calculated from the T-dependence of the isothermal entropy
Here DT is the width of DSðTÞ at half-maximum. Therefore, for the narrow Gaussian DS vs. T behavior, RC is limited despite potentially large values of S at the maximum of DS vs. T.
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In the case of voltage-controlled entropy change, DS vs. T will remain virtually constant for all T < T C (0) at the value given by Eq. (9) . The absolute value of the entropy change decreases linearly to zero for T > T C (0) and remains zero for T ! T C (E). Fig. 2 shows the T-dependences of S(T,E ¼ 0) (circles), S(T, E ¼ E f > 0) (squares) and S(T, E ¼ E f > 0)-S(T, E ¼ 0) (right axis) as given by Eq. (11) . The temperature independence of DS vs. T for the temperatures T < T C (0) largely increases the RC to values potentially much higher than those reported in the literature. Note, however, that the emphasis here is not so much on overcoming the entropy change and RC of the best magnetocaloric materials, but to achieve sizeable entropy change in the absence of applied magnetic fields. Pure voltage-controlled entropy change broadens the range of potential applications when compact cooling solutions with little to no mechanical vibrations are required.
The bilayer system PMN-PT/LSMO can be considered a generic and prototypical building block of a two-phase multiferroic 35 material, 36 allowing for voltage-controlled entropy change. In general, composite materials combining a piezoelectric material with a magnetic material of sizeable magnetoelastic response or other sources of large magnetoelectric response in multiferroic systems 28 near room temperature are capable of functioning as a potential candidate for voltage-controlled entropy change. Another candidate of a magnetoelectric composite for magnetocaloric applications is a laminate composite of piezoelectric AlN and amorphous FeCoSiB which can be fabricated via sputtering methodology and has an extremely high magnetoelectric effect at room temperature. 37 Operation of the laminate in ac mode at resonance frequency and in the presence of a small biasing magnetic field (order of the Earth's magnetic field) gives rise to a % 1.4 Â 10 À7 s/m which may prove suitable as an alternative to the complex oxide composites analyzed here in more detail. In addition, the M-type hexaferrite SrCo 2 Ti 2-Fe 8 O 19 shows a promising large magnetoelectric effect at room temperature which is about 50 times higher than the maximum magnetoelectric susceptibility a % 4 Â 10 À12 s/m of the archetypical magnetoelectric chromia. 38, 39 This bulk magnetoelectric susceptibility is still orders of magnitude below the magnetoelectric response of LSMO and FeCoSiB composites. Nevertheless, it indicates that new bulk magnetoelectric multiferroics may become alternatives to the suggested composite materials especially when considering that bulk materials overcome the complications which accompany the production of large quantities of nanofabricated materials.
For applications in magnetocaloric refrigeration, macroscopic amounts of active material are required. We suggest several fabrication strategies which are depicted in Fig. 3 . These include mixtures of grains of piezoelectric and magnetoelastic materials (Fig. 3(a) ), thin film heterostructures with a large number of repetitions of the bilayer building block (Fig. 3(b) ), or various ordered nanostructured arrangements such as nanopillars of magnetoeleastic material in a piezoelectric matrix (Fig. 3(c) ) or vice versa (Fig. 3(d) ). Here, the optimum structural choice will be affected by additional constraints such as optimized thermal conductivity. The concept of voltage-controlled entropy change in magnetocaloric materials for magnetic refrigeration applications has been introduced. The key innovation of this approach is based on the fact that the magnetocaloric effect is utilized without applying an external magnetic field. Using various experimental data available from the literature, we estimate a specific isothermal voltage-controlled entropy change for the bilayer heterostructure PMN-PT/LSMO. It is larger than 1 J/kg K and serves as proof of principle for voltage-controlled magnetic refrigeration close to room temperature. Various parameters to fine-tune the effect have been identified. An unusually large refrigerant capacity has been identified as a generic property of voltage-controlled magnetocaloric multiferroics. Four schemes have been suggested which allow one to produce macroscopic amounts of nanostructured magnetocaloric material. Potential benefits of this approach have been discussed and compared with the current method to induce entropy change in magnetocaloric materials with applied magnetic fields.
